]. After shaking for 24 hours, resin was filtered and washed and filtrate was evaporated to a white material. This last cleavage-coupling step provided the desired COOH-terminal isopropylamino group (Cdel) ( Table 1) . Crude protected peptide (260 mg) was dissolved in TFADCM (50:50) (13 ml) and stirred at room temperature. After 1 hour, the mixture was evaporated and this chromatographically purified intermediate (22 mg) was dissolved in r-butanol:AcOH.water (1:1:1) (15 ml) and hydrogenated over 10% Pd on carbon (approximately 50 mg). After 20 hours, the mixture was filtered through Celite (Aldrich, Milwaukee, WI) and concentrated. We purified all crude peptides by reverse-phase chromatography (RP-HPLC) on a Vydac C4 preparative column using linear gradients of acetonitrile in water (containing 20% isopropanol for peptides A9-Cdel and G1-Ndel+A9-Cdel). Purified peptides were characterized by amino acid analysis, FAB mass spectrometry, and analytical RP-HPLC. Stock solutions in dimethylsufoxide were kept frozen.
are expressed on a molar residue basis. Spectra were recorded with use of a 1-mm cell and an Aviv 62DS spectropolarimeter equipped with a thermoelectric temperature controller. 26. Reversibility of the unfolding transition was demonstrated by a series of independent experiments each including two heating cycles separated by cooling to 250C. The first heating cycles were scanned from 25°C to various temperatures; such a cycle between 250 and 680C is shown in Fig. 3C . The CD spectrum of unfolded protein at 680C, recorded separately, is shown in Fig. 3B . After cooling immediately to 25°C, the CD spectrum recorded at equilibrium (2 hours) ( Fig. 3B ) is nearly identical to that of the native protein. A second heating cycle to 750C (Fig. 3C ) closely resembled the first cycle, another indication that cooling resulted in correctly renatured HLA-A2. If the sample was maintained at 680C for short times (15 min) before cooling to 250C, a decrease in the extent of reversibility was observed, indicating that kinetic factors are responsible for the formation of some irreversibly unfolded HLA-A2. When the first heating cycle was between 250 and 800C, the longer time above 680C appeared to be responsible for a slightly reduced reversibility. 27. Denaturation curves were fit by a nonlinear least squares analysis (Kaleidagraph, Synergy Software) to the following relation describing a twostate unfolding process @(T) = 0, + [(of -0J)/1 + exp (x)] x = (-AHm/R) ( evagination lead one to expect high tensile strength in the capsule wall. By combining atomic force microscopy (AFM) and field emission scanning electron microscopy (FESEM) with biochemical methods, we resolved the structure of the capsule wall, and we show that the molecular basis for its high tensile strength resides in fibers of a form of collagen: "mini-collagen" (5) . The capsule wall consists of an outer layer (100 nm thick), which can be enzymatically dissociated with pronase B, and an inner layer (200 nm thick) composed of mini-collagen (5) . The capsule itself, but not the tube, was covered with densely packed globular particles (50 to 100 nm in diameter) of uniform shape (Fig. 1, A and B) (6, 7) . Treatment of capsules with SDS or with the reducing agent dithiothreitol (DTI) (65 FM) at an alkaline pH removed this outer layer and revealed an underlying inner wall that appeared, by FESEM analysis (7), to have a smooth surface (Fig. 1C) . The outer globular layer that was removed by DIT treatment was composed primarily of proteins larger than 40 kD (Fig.  iD) (8) . The inner wall consisted primarily of small proteins, 12 to 16 kD and 25 to 40 kD in size (Fig. iD) , which were rich in proline and constituted mini-collagen monomers and covalently cross-linked dimers and trimers (5) .
The mechanical stability of the inner wall may be estimated as follows: The tension in a spherical shell under internal pressure is given by a sphere = (P x r) (2d)1 If we assume an internal pressure P of 15 MPa (2), a radius r of 5 to 10 pm (3), and the thickness of the inner wall, d, to be 200 nm (3) , the tension of the inner wall turns out to be a = 190 to 375 MPa. In order to sustain this enormous tension, the tensile strength of the capsule must be nearly as high as that of steel.
Colagens can form either fibrils or net-like structures to withstand high loads (9) . To distinuish between these potential structures in the capsule wall in vivo, we investigated the inner wall in more detail by AFM (10, 11) . Isolated nematocyst capsules from Hydra vulga polyps were mechanically im lized on nucleopore filter membranes by being sucked partially into the pores (12) . The nematocysts were imaged with an atomic force microscope equipped with a fluid cell (13) . Using 5-pim-long carbon tips (13) and operating at im g forces below 5 nNt we identified densely packed structures that were 60 to 180 nm apart ( Fig. 2A) . The apparent shape of these structures is also a function of the tip geometry, but on the basis of the spacing of the structures, they appear to be equivalent to the globular structures of the outer wall that were seen by FESEM.
In order to image the inner wall, we dissected the outer wall by passing the tip repeatedly over the capsule surface. After several sweeps with the tip, the layer of globular particles was completely removed, exposing the inner wall of the nematocyst capsule. This surface showed numerous, densely packed, fiber-like structures, spaced 50 to 100 nm apart (Fig. 2, B chemically by DTT treatment (Fig. 2E) . The surface corrugations were extremely shallow under those conditions and could be recorded only in the deflection mode, probably because the supramolecular organization was altered by DTT and fixation (this might also explain why FESEM failed to resolve fibers properly) (see Fig. 1C )-When intact capsules were induced to discharge (2), we found similar fiber-like structures running along the twisted tubes (Fig.  2F) , which suggests that the fibers of the capsule's inner wall continue along the tube. At the base of the capsule, the fibers D (6) and (12) (Fig. 2C) . Figure 2C shows the central area of Fig. 2B , but scanned in an orientation rotated 900 from that in Fig. 2B . Fibers have the same periodicity, and the rotation of the fiber orientation is in accordance with the rotation of the scanning direction. Small differences in details of fiber structure are due to the finite size of the tip or to minor distortions caused by the scanning process (or both). Figure 3 shows an averaged autocorrelation analysis made from images that were recorded from the area shown in Fig. 2C . The autocorrelation analysis shows that the fibrous structure that is clearly visible in Fig. 2C has an average spacing of 52 nm. A further peak at 110 nm could be due either to the second order of the autocorrelation analysis or to a second class of thicker fibers. The fine structure within the fibers has an average spacing of 32 nm.
The structural model of mini-collagens (5) lized by S-S bridges (Fig. 4) (Fig. 3) . Our observations support a model (Fig. 4) in which the tensile strength of the capsule is created by layers of mini-collagen fibers, which begin at the base and spread up and around the capsule. The fibers in the different layers are oriented at an angle to each other (Fig. 2) , so that an amphora is formed that has high tensile strength in all directions. Such a model is also compatible with the pathway of capsule morphogenesis in which polymerization of the wall begins at the capsule base and progresses toward the tube (14) .
Nematocyst capsules appeared early in evolution, probably developing from simpler extrusive organelles such as those found in several classes of protozoa (15) . The high osmotic pressure required for the exocytotic discharge of these organelles (16) may have been an important constraint on the evolution of collagen molecules.
